Very local interstellar spectra for galactic electrons, protons and
  helium by Potgieter, Marius S.
ar
X
iv
:1
31
0.
61
33
v1
  [
as
tro
-p
h.S
R]
  2
3 O
ct 
20
13
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
THE ASTROPARTICLE PHYSICS CONFERENCE
Very local interstellar spectra for galactic electrons, protons and helium
M.S. POTGIETER
Centre for Space Research, North-West University, Potchefstroom, South Africa
Marius.Potgieter@nwu.ac.za
Abstract: The local interstellar spectra (LIS) for cosmic rays at energies below ∼30 GeV/nuc are increasingly
obscured from view at Earth by solar modulation, the lower the energy. These charged particles encounter
significant changes in the heliosphere, over an 11-year cycle, which include processes such as convection,
diffusion, adiabatic energy losses and gradient, curvature and current sheet drifts. Particle drifts cause charge-
sign dependent modulation and a 22-year cycle, adding complexity to determining the respective very LIS
from observations only at Earth. However, with measurements now made by the Voyager 1 spacecraft in the
vicinity of the heliopause, it is possible to determine a very LIS for galactic electrons between ∼5 MeV and
∼120 MeV. At these low energies also galactic protons observed in the outer heliosphere had been completely
obscured by the so-call anomalous component which is accelerated inside the heliosheath. Since August 2012,
these anomalous cosmic rays are substantially depleted at Voyager 1 so that also for cosmic ray ions it is now
possible to obtain a lower limit to their very LIS. Combining numerical modelling of solar modulation with
the accurate measurements by the PAMELA mission and with Voyager observations, the lower limit of the
very LIS for electrons, protons and helium, and other ions, can be determined from ∼5 MeV and above. These
spectra are called heliopause spectra, considered to be the lowest possible very LIS. Also from an astrophysics
point of view, the determination of what can be called a very LIS, not just an averaged galactic spectrum, is
encouraging. The mentioned aspects are discussed, focussing on a comparison of recent heliospheric observations
and corresponding solar modulation modelling.
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1 Introduction
Modelling and the subsequent understanding of the pro-
cesses responsible for the solar modulation of cosmic rays
(CRs) requires that an input spectrum must be specified at
an assumed modulation boundary. This spectrum, usually
called a very local interstellar spectrum (LIS), is then mod-
ulated throughout the heliosphere as a function of position,
energy and time. Computed modulated spectra are usually
compared to observations close to or at Earth (satellite and
balloon experiments) and along trajectories of spacecraft
such as Voyager 1 and 2, Ulysses, and others, to study the
processes that are responsible of solar modulation, in fine
detail.
The focus of these global approaches to solar modula-
tion is to understand what exactly is causing solar modula-
tion with emphasis on convection, diffusion, adiabatic en-
ergy losses and gradient, curvature and current sheet drifts.
Apart from the 11-year cycle, particle drifts cause a 22-
year cycle with charge-sign dependent modulation, adding
complexity in determining the respective very LIS. These
processes are governed by a combination of modulation
parameters including a full diffusion and drift tensor, the
solar wind speed and its spatial dependence, which gov-
erns adiabatic energy changes, the heliospheric magnetic
field with its embedded turbulence and global geometry,
and of course the geometry of the heliosphere and its main
features such as the solar wind termination shock, the he-
liosheath and heliopause, and where the modulation bound-
ary is actually located. For a comprehensive review on
these aspects, see [1].
Establishing the three major diffusion coefficients and
particle drifts, as a function of time, space and energy, is a
work in progress. Since these parameters are not uniquely
and globally known, over a full 11-year cycle, the very
LIS cannot be determined by using only observations at or
close to Earth (despite the user friendliness of the force-
field modulation approach based on limited physics). All
attempts of computing cosmic ray LIS at kinetic energies
E < 10 GeV from observations at Earth remain controver-
sial. Progress is however made because solar modulation
models and knowledge of the underlying heliospheric tur-
bulence have reached a relatively high level of sophistica-
tion.
Most helpful in this context is that CR observations
are now becoming available from Voyager 1 and 2, both
positioned deep inside the inner heliosheath, with Voyager
1 probably already beyond the heliopause [2], and now
entering the local interstellar medium. When these CR
spectra as observed close to the heliopause and those close
to and at Earth are compared to computed spectra over
the full energy range relevant to solar modulation, (from
1 MeV to 50 GeV), the global modulation parameters can
be determined much better so that trustworthy predictions
about all the very LIS can be made.
These required input spectra, specified at the modu-
lation boundary usually assumed to be the heliopause,
should rather be called heliopause spectra (HPS), surely
not galactic spectra (GS). In this context it should be men-
tioned that computed GS do not usually contain the contri-
butions of any specific (local) sources within parsecs from
the heliosphere so that an average GS may be different
from an interstellar spectrum which may be different from
a LIS (thousands of AU away from the Sun), which might
be different from a very LIS or what can be called a HPS.
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Figure 1: Computed modulated electron spectra at Earth (1 AU; with polar angle of θ = 90◦), at 5 AU, 60 AU, 90 AU,
110 AU and 119 AU (with θ = 60◦ corresponding to the Voyager 1 trajectory). The modulation of electrons up to Earth
was discussed in detail by [3]. The computed spectra are compatible with observations from Voyager 1 (2010) and from
PAMELA during the solar minimum of 2009, as indicated. A heliopause spectrum (HPS, upper solid line) is computed
as required at the heliopause, positioned in the model at 122 AU. A power law with E−(1.5±0.1) is found for these low
energies with a clear spectral break between∼800 MeV and∼2 GeV to match E−(3.15±0.05) at high energies. Accordingly,
the prediction is that the HPS at 10 MeV has a value of between 200 to 300 electrons m−2s−1sr−1MeV−1.
The HPS are the CR spectra right at the edge of the helio-
sphere, say within ∼150 AU from the Sun in the direction
the heliosphere is moving, obviously the ideal spectra to
be used as input spectra for solar modulation models.
Attempting to make progress in this regard concerning
galactic electrons, the solutions of comprehensive numer-
ical models for the modulation of these electrons in the
heliosphere were presented in comparison with Voyager 1
and PAMELA observations by Potgieter and Nndanganeni
[3]. For an attempt to describe the modulation parameters
in the heliosheath, see also Nkosi et al. [4]. Their work
contained observational data from Voyager 1 [5] and the
PAMELA mission [6,7], with reference to the detailed elec-
tron spectra (but still preliminary) from PAMELA as re-
ported by Di Felice [8], Munini [9] and Vos [10]. The fi-
nal electron and positron spectra from PAMELA for 2006
to 2009 should become available soon. (See also the sup-
porting and complimentary reports on electron observa-
tions and modelling made during the Rio de Janeiro ICRC
conference). Potgieter et al. [11,12] gave updates during
this conference of the mentioned work on an electron HPS,
following up on previous publications made before the
latest publications in Sciencexpress of the Voyager team
[e.g.13,14].
In this short review, the updated HPS for electrons is
shown and discussed, together with HPS for galactic pro-
tons and helium at these low energies, possible again be-
cause of Voyager 1 being at the heliopause. These new
HPS are compared to computed galactic spectra mostly
based on using GALPROP calculations [e.g. as described
in 23].
2 Modulation Models
The purpose of this review is not to discuss numerical mod-
els for the solar modulation of cosmic rays so that only
some basic information is given. It suffices to mention that
a full three-dimensional (3D) numerical model, with three
spatial dimensions and an energy dependence (four compu-
tational dimensions), had been used to compute electron,
proton and helium spectra at selected positions in the he-
liosphere, including the inner heliosheath. The details of
these model were published by [e.g. 1, 3,15,16].
For reviews on the prime geometrical and physical fea-
tures of the heliosphere as applied to solar modulation,
done with MHD and HD models, see e.g. Ferreira et al.
[17], Strauss et al. [18] and Luo et al. [19].
Transport models are based on the numerical solution
of the heliospheric transport equation [20] for solar modu-
lation including all four major modulation processes with
a full diffusion and drift tensor, so that diffusion and drifts
are not arbitrarily handled. The detail on the spatial and
rigidity dependence of the three major diffusion coeffi-
cients and the drift coefficient is quite important, but also
not reproduced here [see 3,15].
It is usually assumed that solar modulation becomes
negligible with E > 50 GeV (see [21]).
The heliopause is typically varied between 120 to 122
AU in these models with the TS at 94 AU, which gives a 26
to 28 AU wide heliosheath in the direction in which Voy-
ager 1 has been moving. The TS is of course moving in-
and-outwards with changing solar activity. This width is a
determining factor in the modulation of galactic electrons
between 1 MeV and 100 MeV [e.g. 4], and crucially im-
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Figure 2: A comparison between the new electron HPS (solid red line) and a previously predicted HPS (dashed line) with
a spectral index of (3.15± 0.05) above 2 GeV and normalized to the PAMELA data above 30 GeV. The preliminary
PAMELA electron intensities from November 2006 are presented by the blue circles. The HPS indicated by the dashed
line, is the predicted HPS by [3] which did not take into account the ’bump’ between ∼2 GeV and ∼20 GeV, also not the
case in figure 1. The ’bump’ requires a different spectral slope than the one above 30 GeV. The red solid line is the new
HPS in comparison with Voyager 1 electron data consisting of two sets of spectra, the first with an index of −1.36 and
the second with −1.53 [see 13]. The unexpected “bulge” in the electron spectrum between ∼2 GeV and up to ∼20 GeV
produces a spectral index of −(3.3± 0.1) instead of −(3.15± 0.05) in the mentioned energy range. This means that the
HPS or very LIS for electrons below∼50 GeV may have more than just the one spectral break as was shown in figure 1.
portant for the existence of the so-called anomalous com-
ponent [1,27].
Lately, the focus has been on solar minimum modula-
tion, with 2009 now confirmed as an exceptional good ex-
ample of such an epoch [15].
3 Galactic electrons
First, the focus is on the HPS presented as very LIS for
galactic electrons.The mentioned numerical model and the
available Voyager 1 observations of galactic electrons be-
tween ∼6 MeV to ∼120 MeV during 2010 was used to
determine a HPS which can be considered a very LIS be-
low 100 MeV [16]. Until the recent Sciencexpress publica-
tions on Voyager 1 observations as mentioned above, the
electron spectrum observed in 2010 was an optimal choice
from the available Voyager 1 spectra because earlier ob-
served spectra, closer to the TS, are much lower and may
be subject to short-term changes as the region closer to the
TS is more turbulent as it shifts position with changing so-
lar activity. During this period Voyager 1 moved between
112 AU and 115 AU from the Sun.
Using appropriate modulation parameters for the he-
liosheath and the mentioned 2010 spectrum, an input spec-
trum was determined between 1 MeV and 200 MeV and
presented as a HPS. This was done by determining the
spectral slope at these energies. Then the differential flux
values between 1 MeV and 200 MeV were computed to
reproduce the 2010 Voyager spectrum, at the same time
addressing the amount of modulation that takes place be-
tween the modulation boundary (typically the heliopause)
and the observational positions.
The spectral slope of this spectrum was subsequently
adjusted with a different power law index above ∼1 GeV
to reproduce the PAMELA spectra at Earth. These spectra
unfortunately extend down to only ∼200 MeV whereas
the Voyager 1 measurements extend only up to∼120 MeV.
All the modulation parameters (including the solar wind
speed and solar magnetic field) as required to reproduce
the Voyager 1 and PAMELA observations are given and
motivated by [3].
The modulated spectra with respect to the computed
HPS are shown in figure 1. The computed electron spec-
tra at Earth (1 AU, with polar angle of θ = 90◦), at 5 AU,
60 AU, 90 AU, 110 AU and 119 AU (with θ = 60◦ corre-
sponding to the Voyager 1 trajectory) are shown. The com-
puted spectra at Earth and at 110 AU are compatible with
corresponding observations from Voyager 1 and PAMELA
(an average for 2009) as indicated. The HPS (upper solid
line) is specified at the heliopause, positioned in the model
at 122 AU, with the TS at 94 AU. These computed spectra
illustrate how galactic electrons are modulated, quite sub-
stantially in the heliosheath inwards to 90 AU, then signif-
icantly less to 60 AU. Inside 30 AU, low energy electrons
are completely dominated by Jovian electrons, not shown
in figure 1 (for an elaborate discussion, see [3]) so that the
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intensity of galactic electrons is not known at Earth below
about 50 MeV.
Concerning the HPS, the following results were found:
To reproduce the spectral shape of the Voyager 1 spectrum
for 2010, the LIS below∼1.0 GeV must have a power law
form with E−(1.55±0.05), where E is kinetic energy. To re-
produce the PAMELA electron spectra observed between
mid-2006 and the end of 2009, the HPS must have a power
law form above∼5 GeV with E−(3.15±0.05). This HPS thus
consists of two power laws with a ’break’ occurring be-
tween ∼800 MeV and ∼2 GeV. This is consistent with the
reported power law with a spectral index of−(3.18±0.05)
by the PAMELA team [7]. The HPS reported here at low
energies is different (significantly higher) from the inter-
stellar spectra preferred by Webber and Higbie [22].
It should also be kept in mind that the Voyager
1 and 2 detectors cannot distinguish between elec-
trons and positrons whereas the PAMELA detector
can. By the end of 2013, Voyager 1 will be 126.4
AU away from the Sun while Voyager 2 will be
at 103.6 AU, both moving into the nose region of
the heliosphere but at a totally different heliolatitude
(http://voyager.gsfc.nasa.gov/heliopause/data.html). Fu-
ture Voyager 1 observations should enlighten us as it
moves outwards at 3 AU per year.
For diffusion coefficients independent of energy for
electrons at these low energies as predicted by turbulence
theory and discussed by [3], this power law for the HPS
is maintained as the spectra become modulated. Introduc-
ing any form of energy (rigidity) dependence will not
give steady modulation (difference between the modulated
spectrum and the LIS is unchanged) over an energy range
from 1 MeV to ∼ 200 MeV beyond 110 AU.
Evident from figure 1 is that the heliosheath acts as a
very effective modulation ’hurdle’ for these low energy
electrons, causing intensity radial gradients of up to 20%
AU−1 as modelled by [4]. The bulk of the modulation
for these electrons occurs between the heliopause and 80-
90 AU, effectively inside the inner heliosheath. For an
illustration of how the galactic intensity of 12 MeV may
change with decreasing distance towards the Sun, see [3].
It appears from electron counting rates (not differential
flux) reported by [5] that Voyager 1 observed a significant
increase over a short distance what appears to be the he-
liopause. This large increase was quite unexpected. During
the ICRC newly observed galactic electron spectra were
presented by the Voyager team [see also Ed Stone’s high-
light talk/paper] as published in Sciencexpress at the end
of June 2013 [13,14]. They investigated a new method of
analysing electron data to produce differential intensities
(spectra) and reported that such systematic uncertainties in-
fluence the spectral shape so that the very clear -1.5 spec-
tral index evident from the 2010 Voyager spectrum [3,16]
is to be modified to E−(1.45±0.09). The observed HPS pre-
sented by [13] are consistent with the prediction by [12]
but higher than predicted by [3].
Concerning the break in the spectral shape of the pre-
sented HPS, Strong et al. [23] re-analysed synchrotron ra-
diation data using various radio surveys to constrain the
low-energy electron LIS in combination with data from
Fermi-LAT and other experiments (see also [32] for earlier
attempts). They concluded that the electron LIS exhibits
a spectral break below a few GeV in accord with what
is presented here. In addition they stated that the LIS be-
low a few GeV has to be lower than what standard galac-
tic propagation models predict, again consistent to what is
shown here, and speculated about the causes of this result.
It should be noted that the relation between synchrotron
data and electrons is complicated by the presence of sec-
ondary electrons and positrons in the Galaxy so that it is
not a straightforward matter to determine the spectral slope
below a few GeV with galactic propagation modelling.
Further investigation from an astrophysics point of view
seems required to establish if the E−(1.50±0.15) spectral
slope below a few GeV as found here, has a galactic ori-
gin and as such presents a challenge to CR source models.
For example, if the rigidity dependence of the diffusion co-
efficient in a model such as GALPROP would be adjusted,
could it explain this observed power law which is different
from what is normally used in such models as the injec-
tion (source) spectrum for electrons? Or, to speculate fur-
ther from a heliospheric point of view, is this power-law
perhaps influenced by the solar wind TS? It is rather cu-
rious that if the TS would be considered a strong, planar
type shock with a compression ratio of s = 4, the spectral
shape of the consequent TS spectrum is E−(1.0), whereas
for a weaker TS, with s = 2.5, it becomes E−(1.5). The TS
is much more complicated than a plain shock, so that this
aspect, although unlikely, requires further study.
A comment on CR modulation beyond the HP is that it
has become a very relevant topic since both Voyager space-
craft are about to explore the outer heliosheath (beyond
the HP) and therefore may actually measure a pristine LIS
sooner than what we anticipate. In this context Scherer at
al. [24] argued that a certain percentage of CR modulation
may occur beyond the HP. Recently, Strauss et al. [18] fol-
lowed this up and computed that the differential intensity
of 100 MeV protons may decrease by ∼ 25% from where
the heliosphere is turbulently disturbed (inwards from the
heliospheric bow wave) up to the HP. However, because
the diffusion coefficients of low energy electrons are inde-
pendent of energy, making them significantly larger than
for protons of the same rigidity, this percentage should be
much less for 100 MeV electrons.
Further study of the preliminary electron spectra from
PAMELA for the period 2006 to 2009 as reported by
[8,9,10] identified a new feature in all the observed elec-
tron spectra which is not evident from figure 1. These spec-
tra exhibit a spectral feature (bump) between ∼2 GeV and
∼20 GeV as a complication to the nice (and simple) pic-
ture presented above as the electron LIS consisting of only
two power laws. See also [11].
This new feature is shown in figure 2 where a compar-
ison is made between the PAMELA spectrum for Novem-
ber 2006 and a HPS with a spectral index of -3.15 above
2 GeV, normalized to the PAMELA data above 30 GeV
but with a power law of E−(1.5) at low energies. Accord-
ing to Adriani et al. [7], who conducted a study of electron
measurements made by PAMELA from July 2006 to Jan-
uary 2010, between 1 GeV and 625 GeV, a spectral index
of −(3.18± 0.05) is required for electrons above 30 GeV.
Shown in figure 2 is that when a spectral index of -3.15 is
used above 2 GeV, as in figure 1, the corresponding HPS
is clearly below the observed differential flux values ob-
served at Earth between∼2 GeV and∼10 GeV. Of course,
a HPS or a very LIS that is lower than the flux at Earth
is unacceptable from a modulation point of view. At these
energies, the modulation is already significant enough so
that the observed values should always be below the very
LIS. Clearly, the E−3.15 dependence at higher energies is
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obscured by an unusual range of enhanced intensities ob-
served between ∼2 GeV and up to ∼20 GeV. This means
that the HPS or very LIS must be adjusted in this energy
range to have a different spectral index than the reported -
3.15 while keeping this index above ∼20 GeV. This unex-
pected “bulge” in the electron spectrum between ∼2 GeV
and up to ∼20 GeV produces a spectral index of −(3.3±
0.1) instead of −(3.15± 0.05) in the mentioned energy
range. The implication is that the HPS or very LIS for elec-
trons below ∼50 GeV may have more than just the one,
rather clear, spectral break, as was shown in figure 1.
The HPS shown as the solid (red) line in figure 2 takes
this observed bump into account as well as the observed
Voyager 1 differential intensity around 10 MeV, using a
power law of E−(1.5) at lower energies. The dashed line is
the prediction by [3]; see also [12]. The Voyager 1 electron
data consist of two sets of spectra, the first with a power
index of -1.36 and the second with -1.53 [see 13] based
upon two different techniques to calculate the differential
intensity. This spectrum is presented as a HPS at a distance
of 122 AU from the Sun, and as such the lowest possible
very LIS. Any calculated galactic electron spectrum should
therefore take this into account.
The question arises about what could cause such an in-
crease in the electron spectrum in the mentioned energy
range while a steady decrease is expected because of in-
creasing solar modulation with decreasing kinetic energy.
Because no process in the heliosphere is able to accelerate
CR particles up to such high energies, it must be assumed
that the appearance of such an unusual bump in the spec-
trum could most likely be ascribed to a galactic propaga-
tion and or acceleration process or perhaps to the presence
of local source effects in the interstellar medium. Further
investigation from an astrophysics point of view, and ob-
servational confirmation of this particular feature, are re-
quired.
The power law at low energies was not explicitly pre-
dicted before by any galactic propagation model. It seems
likely that it can be obtained by simply adjusting the propa-
gation parameters, e.g. the rigidity dependence of the diffu-
sion process. The clear break between the two power laws
may also follow because of a change in the propagation
processes which are different at higher energies so that the
spectral index of a electron source function may be steep-
ened whereas at lower energies it obviously does not hap-
pen. Another question to mention is what is the lowest en-
ergy that galactic electrons can have when reaching the he-
liopause? And at what decreasing energy will the E−(1.5)
power law break down?
4 Galactic protons and helium
The anomalous component of cosmic rays (ACRs) was dis-
covered in the early 1970s. See the introductory review on
this topic by Fichtner [25] and recent important develop-
ments by e.g. Giacalone et al. [26]. This component, with
kinetic energy E between ∼10 to 100 MeV/nuc, does not
display the same spectral behaviour as galactic CRs but in-
creases significantly with decreasing energy. Galactic CRs
have harder spectra than ACRs. Their composition con-
sists of hydrogen, helium, nitrogen, oxygen, neon and ar-
gon and is primarily singly ionized. They originate as inter-
stellar neutrals that become ionized when flowing towards
the Sun and then, as so-called pick-up ions, become ac-
celerated in the heliosheath. To become ACRs, these pick-
up ions must be accelerated by four orders of magnitude.
They are subjected to solar modulation and depict mostly,
but not always, the same modulation features than CRs up-
stream of the TS. Only the ACRs with the highest rigidity
(oxygen) can reach Earth.
The principal acceleration mechanism was considered
to be diffusive shock acceleration, a topic of considerable
debate since Voyager 1 crossed the TS [26]. At the location
of the TS there was no direct evidence of the effective local
acceleration of ACR protons but particles with lower en-
ergies were effectively accelerated and have since become
known as termination shock particles (TSP). The higher
energy ACRs thus seem disappointingly unaffected by the
TS but had increased gradually in intensity away from the
TS. They clearly gain energy as they move outward inside
the inner heliosheath and seem to be trapped largely in this
region. Several very sophisticated mechanisms have been
proposed [e.g. 26,27] of how these particles may gain their
energy beyond the TS and has become one of the most
severely debated issues in this field of research, an ongo-
ing process.
Important for this review is that when Voyager 1 ap-
proached the heliopause region, one of the most spectacu-
lar observations of its history began to occur. The TSP and
ACR intensity had dropped significantly as the spacecraft
exited the inner heliosheath, clearly illustrating that these
particles are in fact heliospherically produced cosmic rays.
This is shown in figure 3 for helium, as an example, taken
from Webber and McDonald [5]. This happened to all the
other ACR species. From a very LIS point of view, this dis-
appearance is equally spectacular because now, for the first
time, it has become possible to establish what a HPS for
these galactic cosmic rays (without being contaminated by
TSPs and ACRS) are at energies below ∼ 100 MeV/nuc,
as is shown in figure 3.
In figure 4, the proton spectrum observed by Voyager 1
is shown, for the energy range as indicated, when it was
exiting the region that looks like the heliopause and as-
sumingly entering the very local interstellar medium. This
is compared to a corresponding computed HPS includ-
ing the PAMELA observations [6,7], shown in green. The
red solid line is a typical GS as used many times before
as an input spectrum for proton modulation studies. It is
based on a plain diffusion GALPROP model as applied
by Langner and Potgieter [28] to solar modulation model-
ling. The black line is a LIS computed by Blasi et al. [29],
inferred from PAMELA data and Fermi-LAT gamma-ray
observations of molecular clouds in the Gould belt. Evi-
dently, the HPS is significantly higher at low energies than
the classic type GS but differences disappear around 200
MeV.
In figure 5, the observed HPS for helium is compared
to a corresponding computed helium HPS and a GS com-
puted with the diffusion version of GALPROP, and ap-
plied by Langner and Potgieter [30], but now normalising
to the observed PAMELA spectra around 50 GeV/nuc. As
for protons, this helium GS is significantly lower than the
HPS for energies below 200 MeV/nuc. Clearly, this spe-
cific galactic propagation model underestimates the inten-
sity of these low energy protons and helium that arrive at
the heliopause of the heliosphere.
Although only protons and helium spectra are shown
here to illustrate the point that heliopause measurements
now determine the very LIS at energies below a few hun-
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Figure 3: Weekly average helium spectra from 2 to 600 MeV/nuc observed at Voyager 1 during its crossing of what looks
like the HP, from 2012.61 to the end of data (each week equals an outward movement of 0.07 AU). The time period 2011.8
to 2012.2 is used as a reference, marked in blue, when Voyager 1 was still approaching the apparent HP. Numbers to the
left of each weekly average spectrum are the week numbers of the year 2012, with 41-44 in red representing a 4 week
average as the intensity stabilized beyond the HP. Taken from Webber and McDonald [5] where a full discussion is given
of these spectacular events.
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Figure 4: The newly calculated HPS for galactic protons (blue line) based on the proton spectrum observed below ∼500
MeV by Voyager 1 when it was exiting the region that looks like the heliopause, assumingly entering the very local
interstellar medium, and the PAMELA protons observations [6,7] at higher energies (green circles). Also shown as the red
solid line is a typical GS based on a plain diffusion GALPROP model as applied by Langner and Potgieter [28] to solar
modulation. The black line is a LIS calculated by Blasi et al. [29].
dred MeV, a similar procedure can be followed for other
cosmic ray species, such as carbon and oxygen.
The question arises how the large difference between
the HPS and a typical GS as shown in figure 4 for protons
may affect the solar modulation from the outer to the inner
heliosphere, up to Earth. This is illustrated in figure 6, us-
ing the 3D modulation model of [15]. The new HPS, spec-
ified at 122 AU, is first used in the model to compute mod-
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Figure 5: Similar to figure 4 but for galactic helium. Red solid line is the new HPS required to reproduce the Voyager 1
observations at low energies. At higher energies the HPS is normalized to the PAMELA helium observations for 2009.
This is compared to a typical GS based on a plain diffusion GALPROP model as applied by Langner and Potgieter [30].
As for protons, the difference below 200 MeV/nuc is significant. Clearly, this particular GALPROP modeling approach
significantly underestimates the intensity of low energy protons and helium arriving at the heliosphere.
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Figure 6: The new HPS for protons, specified at 122 AU, and based on Voyager 1 observations [13] at energies as indicated,
is first used to compute modulated spectra at 90 AU, 60 AU, 30 AU and at Earth, all indicated by red solid lines. This
is then repeated for a GS as computed with a typical diffusion GALPROP model, all indicated by blue dashed lines. It
shows how significantly very low energy protons are modulated, already between 122 AU and 90 AU but that at Earth the
difference becomes small because the spectral shape is determined by adiabatic energy losses.
ulated spectra at 90 AU, 60 AU, 30 AU and at Earth, all
indicated by red solid lines, then repeated for the GS, all
indicated by blue dashed lines. It shows how significantly
very low energy protons are modulated, already between
122 AU and 90 AU. Of course, 1 MeV protons arriving
at Earth had significantly higher energy when they entered
the heliosphere (see Strauss et al. for an illustration of this
adiabatic energy loss effect [31]). For this reason, the com-
puted spectra at Earth do not differ much. The relatively
small difference around 200-300 MeV between the HPS
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and GS is mainly responsible for the difference at very low
energies at Earth. This again illustrates the point that obser-
vations at Earth below several GeV cannot accurately be
used to determine a very LIS below a few GeV.
The computations shown in figure 6 allow to determine
for the first time the total modulation that occurs in the he-
liosphere between the heliopause, assumed as modulation
boundary, and Earth. For galactic protons the reduction fac-
tor is 0.85 at 10 GeV, 0.73 at 5 GeV, 0.35 at 1 GeV, 0.09 at
100 MeV, and 0.014 at 10 MeV, and 0.0022 at 1 MeV. The
latter corresponds to a global radial gradient of 5 percent
per AU in the equatorial nose direction of the heliosphere,
whereas at 1 GeV it is 0.86 percent per AU.
5 Conclusions
An electron HPS, over an energy range from 5 MeV to
50 GeV, relevant to solar modulation, is presented that can
be considered the lowest possible very LIS for electrons.
This is done by using a comprehensive numerical model
for solar modulation in comparison with Voyager 1 obser-
vations from 2010 and later, together with PAMELA spec-
tra at Earth. Below ∼1.0 GeV, this HPS has a power law
form with E−(1.50±0.15). The uncertainty in the power in-
dex is mainly determined by the systematic uncertainties
in the way the Voyager 1 electron spectra are calculated
[13].
In order to reproduce the PAMELA electron spectrum
for 2009, the HPS must however have a different power
law form above ∼5 GeV, with E−(3.15±0.05). Combining
the two power laws with a smooth transition from low to
high energies produces the HPS shown in figure 1.
A second important result is that a break occurs in this
HPS between ∼800 MeV and ∼2 GeV, consistent with
the LIS results of Strong et al. [23], who studied differ-
ent GALPROP based models for the electron LIS, utilizing
synchrotron radiation to constrain the low-energy interstel-
lar electron spectrum.
The prediction is that the electron HP spectrum at 10
MeV, and at 122 AU from the Sun, has a value between
200 to 300 electrons m−2s−1sr−1MeV−1, which we con-
sider as the lowest possible value of the LIS at this en-
ergy. The higher value seems consistent with the electron
observations from Voyager 1 reported only very recently
[13]. However, by studying the PAMELA electron spec-
trum from 2006 to the end of 2009, an unexpected “bulge”
was found in the electron spectrum between ∼2 GeV and
up to ∼20 GeV. This produces a spectral index of −(3.3±
0.1) instead of −(3.15± 0.05) in the mentioned energy
range. with the possibility that two breaks are occurring in
the electron spectrum. This new HPS is shown in figure 2.
This feature cannot be caused by solar modulation or any
other process inside the heliosphere.
In addition, a HPS for galactic protons and helium re-
spectively is reported based on the recent Voyager 1 obser-
vations [13]. Comparing these HPS with previously calcu-
lated galactic spectra, shows significant difference below
a few hundred MeV/nuc. It became evident that the typi-
cal GALPROP modeling approach significantly underesti-
mates the intensity of low energy protons and helium arriv-
ing at the heliosphere.
For the first time, the total modulation that occurs in the
heliosphere between the heliopause, assumed as modula-
tion boundary, and Earth can be calculated accurately.
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